A B S T R A C T Three lysosomal glycosidases, j8-glucuronidase (EC 3.2.1.31), ,8-galactosidase (EC 3.2.1.23), and N-acetyl-,8-glucosaminidase (EC 3.2.1.30) have been investigated in bile that was freshly collected from rats through a complete bile fistula. Assay conditions have been established on the basis of appropriate kinetic studies. The biliary excretion patterns for these enzymes were found to vary considerably from rat to rat during the 24-h collection period. In a given animal, however, the three hydrolases were excreted in parallel and showed a gradual increase in activity with time, most marked after 10-12 h of collection. 24-h biliary outputs of the three hydrolases averaged m3% of their respective contents in total liver, and bile diversion had no effect on hepatic glycosidase activity or total protein content. Other enzymes known to be associated primarily with mitochondria, endoplasmic reticulum, and cell sap were also detected in bile, generally in smaller amounts. The biliary excretion of the plasma membrane markers, alkaline phosphodiesterase I and 5'-nucleotidase, however, was comparable to that ofthe lysosomal hydrolases. Biliary excretion of total protein was relatively constant and corresponded to 3.0% ofthe total hepatic protein content per day, whereas biliary bile acid secretion decreased during the first 12 h and then remained constant. Exocytic bulk discharge of hepatocyte lysosomes is proposed as the most likely mechanism for the biliary excretion of lysosomal enzymes. These results call attention to the possible pathophysiologic significance of biliary excretion of hepatic lysosomal contents as a means of residue disposal.
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INTRODUCTION
In 1966, de Duve and Wattiaux proposed the hypothesis that "extrusion in bile is the major pathway of unloading of the lysosomes of hepatic parenchymal cells" (1) . This hypothesis was based on suggestive morphologic evidence (2) and on unpublished preliminary biochemical data by Wattiaux. With electron microscopy, endogenous ferritin (3) and injected particles of colloidal gold (4) can be seen within both hepatocyte lysosomes and biliary canaliculi. Also, several reports have described acid hydrolase activity in bile (5-7). Thus, whereas no systematic study has quantitatively and qualitatively evaluated the biliary excretion of lysosomal protein, there are data suggesting its occurrence.
In these studies, we demonstrate the presence of a variety of enzymes, including lysosomal acid hydrolases, in bile from bile-fistula rats. After establishing quantitative fluorometric assays for measurements in bile of the three lysosomal enzymes, f3-glucuronidase (EC 3.2.1.31), /8-galactosidase (EC 3.2.1.23), and Nacetyl-f8-glucosaminidase (EC 3.2.1.30), we determined their biliary output relative to total biliary protein and bile acids. Our findings indicate that =3% of the total liver content of these enzymes may be excreted in a 24-h period. More importantly, the enzymes appear to be discharged coordinately.
Our data suggest that lysosomal enzymes undergo parallel biliary excretion by a specific mechanism probably independent of bile acid secretion. Our data are also consistent with the hypothesis of hepatocyte exocytosis of lysosomal contents.
METHODS
General experimental procedure. Male Sprague-Dawley rats (150-300 g) were used for all experiments. Animals were fed Purina Laboratory Chow (Ralston Purina Co., St. Louis, Mo.) and were permitted access to food and water until 24 h before each study. A complete bile fistula was prepared under ether anesthesia at 0700 h, and rats were placed in restraining cages for the duration ofeach experiment (8) . After a 2-h equilibration period to allow recovery from surgery and anesthesia, bile was collected on ice for 24 h into preweighed tubes at 2-h intervals for 12 h and then at 8-to 12-h intervals. The volumes of collected samples were determined by weight, assuming a density for bile of 1.0 g/ml. During the study, nothing was given to the animals by mouth, but 0.9% NaCl was administered through a tail vein at 1.7 ml/h. In most experiments, enzyme activities in the liver were determined at the end of the 24-h collection period. Rats were killed by exsanguination, and their livers were quickly removed and immersed in icecold 250-mM sucrose. 6 g of liver from each animal was homogenized in 18 ml of 250-mM sucrose with three strokes of a Potter-Elvejhem homogenizer (Kontes Glass Co., Vineland, N. J.) and then centrifuged at low speed (1,500 rpm for 10 min) to separate nuclei, unbroken cells, and tissue debris (pellet or N-fraction, diluted to 1 g of equivalent liver in 5 ml of sucrose) from other intact organelles and cell sap (supernate or E-fraction, diluted to 1 g of equivalent liver in 10 ml of sucrose) as described (9) . Analytical studies were performed on aliquots of bile or liver E-and N-fractions suitably diluted in sucrose. Values for total liver were calculated as the sum of the activities found in the E-and N-fractions.
Analytical Procedures. Glycosidases were assayed fluorometrically by use of 4-methyl umbelliferyl substrates (KochLight Laboratories, Ltd., Colnbrook, Buckinghamshire, England) as described by Peters et al. (10) . Stock solutions of substances (10 mM) were prepared in moisture-free methoxyethanol and stored at 4°C. The compositions of the substrate mixtures used for each of the assays were as follows:
,3-glucuronidase: 0.5 mM 4-methyl umbelliferyl-3-D-glucuronide, 0.02% bovine serum albumin, 10 mM EDTA, 0.2% Triton X-100 (Rohm and Haas Co., Philadelphia, Pa.), and 100 mM Na acetate, pH 4.4; f-galactosidase: 0.5 mM 4-methyl umbelliferyl-,8-n-galactopyranoside, 20 mM MgCl2, 0.2% Triton X-100, and 100 mM Na formate, pH 3.8; N-acetyl-/3-glucosaminidase: 0.5 mM 4-methyl umbelliferyl-2-acetoamido-2-deoxy-,8-D-glucopyranoside, 0.2% Triton X-100, and 100 mM Na citrate, pH 4.5. A 0.1-ml aliquot of bile or tissue sample was incubated at 37°C for 10-45 min with 0.1 ml ofthe appropriate substrate mixture. The reaction was stopped by rapid addition of 2 ml of 50-mM NaOH-glycine buffer, pH 10.4, which contained 5 mM EDTA. The liberated 4-methyl umbelliferone was measured in a Perkin-Elmer fluorescence spectrophotometer (model 203 with Xenon lamp; PerkinElmer Corp., Norwalk, Conn.) with excitation and emission wavelengths set at 365 and 460 nm, respectively. Substrate and enzyme blanks were incubated and treated in the same manner. Quantitation of fluorescence was determined by mixing known concentrations of 4-methyl umbelliferone in the appropriate buffer with 2 ml ofthe NaOH-glycine stopping solution and measuring the amount of fluorescence as described above.
Esterase was measured by following, at 420 nm, the production, at pH 7.4, of o-nitrophenol from o-nitrophenyl acetate. Alkaline phosphodiesterase I was assayed at pH 9.6 with pnitrophenyl-thymidine 5'-phosphate as substrate. Both assays were done employing the incubation conditions reported for rat liver homogenates by Beaufay et al. (11) .
5'-Nucleotidase was assayed in Tns-HCl buffer, pH 9.0, with [2-3H]AMP as substrate as described by Avruch and Wallach (12) . Malate dehydrogenase was determined from the rate of oxidation of NADH measured at 340 nm in the presence ofcis oxalacetic acid under the conditions described by Dupourque and Kun (13) . Lactate dehydrogenase was similarly measured at pH 7.4 after the addition of NADH and pyruvate (14) . Suitable enzyme (especially for bile samples) and substrate blanks were carried out for all assays.
Protein determinations on samples were done by an automated Lowry procedure (15) . Total bile acids were measured by the 3-steroid dehydrogenase method of Iwata and Yamasaki (16) with minor modification.
For all hydrolases, 1 U of activity corresponds to the hydrolysis of 1 umol substrate/min. Dehydrogenase activities are expressed as the micromoles of NADH oxidized per minute.
RESULTS
Survey of enzyme activity int bile. The activity of enzymes known to be associated with a variety of subcellular organelles is shown in Table I for both bile and liver taken from four rats after an overnight fast. Activity of all enzymes was detected in bile, but there were considerable differences in the levels of activity. If the ratio of enzyme activity in bile to liver is expressed as percentage of total liver activity excreted during the 4-h collection period, the lysosomal and plasma membrane enzymes have greater activities than the other enzymes studied. By paired t test, these differences were significant (P < 0.05) for lysosomal vs. mitochondrial and cell sap enzymes, and nearly significant (0.10 < P > 0.05) for lysosomal vs. a single endoplasmic reticulum enzyme. Detailed studies of enzyme kinetics in bile were performed only for the glycosidases (next section), but for all enzymes listed no significant inhibition of hepatic activities occurred when liver E-fractions were mixed with neat bile or bile diluted only twofold.
Properties and kinetics of the biliary acid glycosidases. To establish valid assay conditions for each of the glycosidases selected for study, experiments were performed to explore variables such as enzyme concentration, incubation time, pH, storage temperature, and effects of bile acids. As shown in Fig. 1 , the assay conditions adopted for f3-glucuronidase,,8-galactosidase, and N-acetyl-f3-glucosaminidase gave the linearity of activity with time and enzyme concentration required for a quantitative assay. Experiments were performed to determine the influence of pH on the activities of the same three glycosidases in both liver and bile. An acid pH optimum was found for each, and the curves were not different for liver or bile samples. Studies on the effect of temperature on activity of the three glycosidases in bile showed that, after incubation of bile at 37°C for 2 h, there was a 40% decrease in activity of N-acetyl-,3-glucosaminidase, a 20% decrease in activity of ,8-galactosidase, and no difference in activity of ,3-glucuronidase. Activity of all three enzymes did not change over 24 h if bile was either kept on ice or repeatedly frozen and thawed. Fig. 2 shows the effect of different concentrations of bile on activity of the three enzymes in liver. There was no significant or consistent inhibition of hepatic enzyme activity by bile taken within either the 1st or 24th h of bile collection. However, if aliquots of liver E-fractions were preincubated for 30 min at 37°C with bile that contained different amounts of total bile acids (Table II) , there Complete bile fistulae were prepared in four rats after an overnight fast, and enzyme activities were assayed on pooled bile samples that were collected quantitatively for 4 h. The four rats were then sacrificed, and enzyme activities were assayed on E-and N-fractions of liver homogenates. All assays were done in duplicate.
* Milliunits of activity per 4 h, mean±SD.
Units of activity per gram of liver, mean±SD. § Malate dehydrogenase activity is also present in the final supernate or S-fraction of homogenates of rat liver separated by differential centrifugation into 5 fractions (9).
Esterase activity is also present in the lysosomal or L-fraction and in the final supernate or S-fraction of homogenates of rat liver separatedl by differential centrifugation into 5 fractions (17). 24-h acid hi drolase, proteini, antd bile acid output in bile. Patterns of biliary excretion of the three glycosidases, total protein, and bile acids are shown in Fig. 3 for each of six animals. In Table III , the cumulative 24-h outputs of those constituents are presented. Data in Fig. 3 show a gradual increase in biliary outputs for all three acid hydrolases, especially during the second 12 h of collection. The rate of excretion of ,l-galactosidase was consistently less than the other two glycosidases studied. However, when the cuinulative biliary enzyme outputs are related to total hepatic enzyme activities, this difference is not apparent (Table  III) . Activity equal to -3% of the total hepatic content of each enzyme was released into bile during the 24-h period. A linear correlation (r = 0.68) between hepatic glycosidase activities and cumulative 24-h biliary enzyme outputs was observed (data not shown). The excretory rates of total proteins, although variable, did not appreciably change during the 24-h collection period and averaged 19 mg/100 g body wt per d (Table III). This amounts to 3.0% of the total protein content of liver. The specific activity of the glycosidases in bile, therefore, increased during the 24-h collection period and, in fact, was significantly greater by the final _. 2C hour of collection than the specific activity of the three enzymes measured in liver (P < 0.05). Finally, biliary bile acid secretion decreased during the first 12 h ofcollection and then remained relatively constant (Fig. 3) . The biliary excretory patterns of the three glycosidases vary considerably from animal to animal (Fig.  3) . However, the excretory rates of the enzymes in a given animal fluctuate in parallel, which suggests a coordinate relationship in their output. Table IV summarizes calculations made at each time point of ratios of excretion of one enzyme to another, to proteins, or to bile acids. Coordinancy, expressed as a coefficient of variation, is indicated by the finding that the variation in the ratios of enzymes to each other is significantly less than the variation in ratios in enzymes to proteins or to bile acids. Furthermore, the correlation coefficients ofenzyme excretion relative to one another are highly significant (P < 0.01) in contrast to those obtained for enzyme vs. protein or enzyme vs. bile acids (P > 0.05).
Finally, Table V presents a comparison of hepatic glycosidase activity and protein content from two additional groups of bile-fistula and sham-operated rats. There were no differences between the two groups, which indicates that biliary drainage for 24 h does not significantly affect hepatic enzyme activity or total hepatic protein. 
DISCUSSION
The main finding recorded in this paper concerns the biliary excretion of lysosomal glycosidases. Our assays, validated by appropriate kinetic studies, indicate that the excretion patterns of the three glycosidases, although variable from animal to animal, followed a parallel course in each particular animal, which suggests that the enzymes were excreted coordinately. The patterns of total protein excretion, on the other hand, were different from those ofthe glycosidases and varied little between animals. Finally, the three lysosomal enzymes show the same excretory rate when related to hepatic content. When averaged over 1 d, the output ofeach enzyme is in the order of3% ofthe liver content. These results are strongly suggestive of selective bulk discharge of hepatic lysosomal contents in bile. It has long been known that lysosomes occupy a characteristic pericanalicular location in hepatic parenchymal cells (2, 18) , a situation which may be important to such a phenomenon. Also supporting this view is the estimate of 3-5% of the liver content per day of a number of other lysosomal hydrolases excreted in bile given by de Duve (5) based on values obtained by Wattiaux. These estimates are possibly inexact and probably minimal approximations of hepatocyte lysosomal enzyme activity in bile because 10-15% of the total hepatic lysosomal enzyme activity originates from lysosomes of nonparenchymal cells (19) the hepatocyte lysosomes that apparently discharge their contents into bile could represent a nonrandom subset of the total hepatocyte lysosomal population. Our studies provide no direct evidence that the lysosomal protein present in bile originates from htEpatocytes. Although the origin of many biliary proteins in the rat appears to be the plasma compartment (20) (21) (22) , biochemical (23) and morphologic (2-4) data do suggest that discharge into bile of hepatocyte lysosomal contents, including acid hydrolases, does occur. Our studies also provide no specific information on the mechanism whereby lysosomal enzymes enter bile. Exocytosis seems the most probable explanation (1). This phenomenon has been described in other mammalian cells (24) and has recently been proposed to explain the excretion oflysosomal hydrolases in human urine (25) . Furthermore, there are morphologic studies indicating exocytic discharge of lysosomal contents in bile canaliculi (2-4, 26, 27) . The significance of this morphologic evidence has been disputed (18), but alternatives to exocytosis compatible with the maintenance of cellular organization are difficult to envisage.
The physiologic significance of lysosomal discharge in bile is unclear. One obvious advantage is that it provides the hepatocytes with a disposal mechanism for undigestible residues accumulating in lysosomes (1) Values were obtained from data on biliary outputs of six rats presented in Fig. 3 and are given as mean±SD. * Means of ratios calculated at each time point. t Coefficient of variation (standard deviation/mean) of ratios for each animal. § Correlation coefficient ofbiliary output with time offirst constituent vs. the second as determined for each animal.
were the plasma membrane markers, 5'-nucleotidase and alkaline phosphodiesterase I. Similar results have been obtained by Evans et al. (20) , who have suggested that the biliary excretion of these enzymes may reflect solubilization ofcanalicular membrane proteins by bile salts. Budding off of microvilli as a means of compensating for the addition of membrane material to the canalicular membrane by the exocytic discharge of lysosomes represents another possible mechanism. As expected after complete interruption of the enterohepatic circulation, the excretion of bile acids fell by =80% during the first 12 h of collection and then remained low. Whether the late rise in lysosomal enzyme excretion is related to this change, to starvation of the animals, or to some other aspect of our experi- 
